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Using X-ray photoelectron emission microscopy we have observed the coexistence of ferromagnetic
and antiferromagnetic phases in a (3 at.%)Pd-doped FeRh epilayer. By quantitatively analyzing
the resultant images we observe that as the epilayer transforms there is a change in magnetic
domain symmetry from predominantly twofold at lower temperatures through to an equally weighted
combination of both four and twofold symmetries at higher temperature. It is postulated that the
lowered symmetry Ising-like nematic phase resides at the near-surface of the epilayer. This behavior
is different to that of undoped FeRh suggesting that the variation in symmetry is driven by the
competing structural and electronic interactions in the nanoscale FeRh film coupled with the effect
of the chemical doping disorder.
PACS numbers: 75.75.-c, 75.70.Rf, 75.25.-j, 75.50.Bb
I. INTRODUCTION
The binary alloy FeRh exhibits a fascinating first-order
transition from an antiferromagnetic (AFM) to a ferro-
magnetic (FM) state around 400 K1,2. This transition
is accompanied by a significant magnetoresistance3–6, a
large lattice expansion7,8 and entropy release4. The abil-
ity to produce epitaxial thin films of FeRh has revealed
additional complexity with a surface related FM state
present in the nominally AFM phase9,10. These results
have been confirmed by near-surface sensitive real-space
imaging performed using soft X-ray photoelectron emis-
sion microscopy (XPEEM) which show significantly dif-
ferent behavior for capped and un-capped samples11,12.
Temperature-dependent, hard X-ray photoemission spec-
troscopy has demonstrated changes in the core Fe 2p
levels and in the valence band structure in remarkable
agreement with results obtained from density functional
theory13,14 and show that the metamagnetic transition
is likely to be driven by an electronic transition. 57Fe
conversion electron Mo¨ssbauer spectroscopy has also re-
vealed a strain-driven reorientation of the spins at the
AFM-FM phase transition in FeRh thin films15. Hall-
effect measurements across the metamagnetic transition
are also consistent with an electronic transition leading
to a large increase in the carrier density in the FM phase.
This effect has recently been utilised in a room tempera-
ture controllable resistor16 making use of the anisotropic
magnetoresistance (AMR) in the antiferromagnetic state
of the FeRh. Furthermore, FeRh has attracted signifi-
cant interest due to its ultrafast dynamics in which there
is much debate over the out-of-equilibrium state17–19.
The magnetic behavior of FeRh is strongly affected by
doping with other transition metals20–22. The AFM to
FM transition temperature can be increased by doping
with Ir and Pt and decreased by doping with Pd and Ni.
This allows the AFM to FM transition temperature to
be tuned down to room temperature23–25. Doping FeRh
with Pd (FeRh1−xPdx) has been shown, in bulk samples,
to preserve the B2 CsCl structure. However, the c/a ratio
increases linearly with increased Pd doping20,21. The Pd
is known to substitute onto the Rh sites21 and continues
up to the level x ≈0.3 where an AFM-paramagnetic tran-
sition replaces the AFM-FM transition. It is also possible
to tune the FeRh transition via pressure26 and magnetic
field27. In the case of pressure tuning, the transition
temperature increases by ≈ 5 K/kbar28, while for field
tuning it decreases by ≈ 8 K/T. Recently the injection
of spin-polarized current29 has been shown to promote
the transition in FeRh from AFM to FM.
As the FeRh transition is thermodynamically first-
order there is expected to be a phase coexistence as the
system transforms. In thin films the structural phase co-
existence is clearly evident from the observation of a well
defined change in the out-of-plane lattice parameter and
a small change in the in-plane lattice parameters associ-
ated with the differing unit cell sizes of the AFM and FM
phases9,30. Furthermore, in the transition region there is
expected to be a magnetic phase coexistence of AFM and
FM regions. This phase coexistence has been observed
using X-ray diffraction31 along with a more distinct sep-
aration of the phases on cooling through the transition
than on warming. This is found to be consistent with a
melting/freezing first order phase transition.
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2The coexistence of AFM and FM regions as well as the
presence of structural and electronic competition in FeRh
is similar to the mesoscopic phase separation observed in
strongly correlated oxides at low temperature32,33. In
such systems, competing degrees of freedom result in
charge, orbital and magnetic phase separation in other-
wise chemically homogeneous samples, resulting in a rich
phase diagram. Complex oxide behavior can similarly be
tuned via doping that acts as a source of quenched disor-
der and produces randomly arranged (sub-)micron sized
domains of charge order and ferromagnetism34,35. As the
phase transition in FeRh is accompanied by a change in
the sign and magnitude of the magnetic exchange cou-
pling, a large structural modification, and an electronic
transition5,13,36 it is interesting to consider whether a
similar degree of complexity is observed in a binary alloy
at room temperature.
In this report, we image the magnetic phase coexis-
tence in Pd doped FeRh thin films and observe an un-
usual Ising-like nematic ordering upon warming into the
FM state from the AFM state. A stable and controllable
domain structure in the hysteretic regime with electronic
and magnetic phase coexistence could be harnessed for
novel functionalities37, for example in memory cells. For
such applications it would be highly desirable for the hys-
teretic regime to be centered around room temperature.
II. SAMPLE PREPARATION AND
CHARACTERIZATION
The sample studied is an epilayer grown by DC mag-
netron sputtering on MgO single crystal substrates ac-
cording to the methods described in Ref. 38. In this work
we have doped the FeRh with 3 at.% Pd which conve-
niently pushes the transition temperature down close to
room temperature5. The film was co-deposited from sep-
arate angled Fe and Rh sources. Pd doping was provided
by a small strip of Pd placed on the surface of the Rh tar-
get. The pressure during growth was 5× 10−8 Torr and
the substrate temperature was 600◦C. Ar gas with 4%
H2 at 3 mTorr was used as the sputter gas. The film was
post-growth annealed at 700◦C for 60 minutes, and then
cooled to 100◦C before being capped in-situ with 30 A˚
of Al. A schematic of the structure is shown in the inset
of Figure 1(a). The FeRh composition was determined
by energy dispersive X-ray (EDX) spectroscopy, on a
≈ 100 nm lamella prepared using focussed ion beam tech-
niques, as Fe(48 at.%)/Rh (49 at.%)/Pd(3 at.%) with
a 3% error. Low-angle X-ray reflectivity (XRR) data
shown in Figure 1(a) were used to determine the average
structure of the epilayer. At low angles the technique is
not sensitive to the crystallinity and the electron density
depth profile over the whole sample is analyzed by an
optical matrix method39. The resultant depth profile is
shown in Figure 1(b). The substrate interface is sharp
with a root mean squared roughness (rms) of approx
0.7± 0.5 A˚ with the surface/cap region significantly more
FIG. 1. Structural characterization of the FeRh(Pd) epi-
layer:(a) XRR from the epilayer. The best fit to the data
is shown as the solid curve. The inset shows a schematic of
the nominal sample stack. (b) The X-ray scattering length
density profile extracted from the best fit of the data in panel
(a).
Material d (A˚) ρ SLD (A˚−2) σ (A˚)
Al2O3 (cap) 43 ± 3 (3.4 ± 0.6)× 10−5 23 ± 11
Al(cap) 17 ± 4 (2.2 ± 0.2)× 10−5 7 ± 3
FeRh(Pd 3%) 563 ± 5 (7.2 ± 0.2)× 10−5 20 ± 9
Rh 8.4 ± 1.5 (1.0 ± 0.5)× 10−4 1.4 ± 0.6
MgO(sub) ∞ (3.1 ± 0.1)× 10−5 0.7 ± 0.5
TABLE I. Table of fitted parameters obtained using the PAR-
RAT32 software41 from the Cu Kα XRR data displayed in
Figure 1. d is the film thickness, ρ is the layer’s scattering
length density (SLD) and σ the interfacial rms roughness.
diffuse. Unsurprisingly the Al cap has oxidized forming
a less dense but thicker oxide layer. The FeRh(Pd) layer
was found to be 563 ± 5 A˚ thick. An additional layer
with a slightly higher electron density compared to bulk
Rh with thickness of ∼ 8 A˚ was introduced between the
MgO substrate and FeRh(Pd) layer in order to fully de-
scribe the reflectivity data12,40. The fitting parameters
are displayed in Table. I.
X-ray diffraction (XRD) data are shown in Figure 2.
Clear (001) and (002) diffraction peaks of the highly-
3FIG. 2. Structural characterization of the FeRh(Pd) epilayer
and MgO substrate: (a) High angle Cu Kα XRD of the epi-
layer showing the highly ordered single crystalline nature of
the Pd-doped FeRh film.(b) φ-scans through the MgO (024)
and FeRh (012) peaks, showing the expected fourfold symme-
try.
chemically-ordered FeRh phase with the B2 CsCl struc-
ture (α′ phase) are observed. The out-of-plane lattice
constant at room temperature was calculated from the
FeRh (00L) peak positions and has a value of 2.998 A˚.
This value matches the undoped sample c = 2.995 A˚ and
compares favorably to the bulk value of 2.989 A˚ reported
by Lommel2. The MgO substrate is known to apply an
in-plane compressive strain producing the observed out-
of-plane lattice expansion9. The long range order param-
eter S was determined using the procedure described by
Warren42. It was found to be S≈0.86 and in good agree-
ment with previous work36, considering the inclusion of
Pd doping. The FeRh(Pd3%) layer was confirmed by
XRD to have the expected fourfold in-plane symmetry
and the epitaxial relationship to the MgO substrate of
FeRh(Pd)[001]‖MgO[001] and FeRh(Pd)[100]‖MgO[110].
The registry of the film and substrate is shown in Figure 2
(b).
The sample’s magnetic properties were studied us-
ing SQUID magnetometry and temperature-dependent
magnetic force microscopy (MFM)(Bruker MultiMode 8
SPM, employing MESP probes). Figure 3(a) demon-
strates that the MgO/FeRh(Pd)/Al film has a bulk-like
transition from AFM to FM behavior upon heating to
300 K with a temperature hysteresis of about 30 K. Fig-
ure 3(b) shows the sample magnetization M vs. applied
field H measured at 300K on warming. The hysteresis
loop qualitatively shows coexistence of both ferromag-
netism and antiferromagnetism, having a coercive field
of ≈ 80 Oe and a canted hysteresis loop that is not fully
saturated at 10 kOe, consistent with the undoped mate-
rial. Figure 3(c) compares the thermal hysteresis loops
of both FeRh(Pd) and pure FeRh measured in an applied
field of 50 kOe, so as to shift the transition temperature
into the measurement regime of our SQUID magnetome-
ter. Both sample compositions have equivalent satura-
tion moments; the doped system has a wider thermal
hysteresis than does the pure system due to the increased
disorder derived from the Pd doping.
Panels (d) and (e) of figure 3 show 10 µm × 10 µm
MFM images of FeRh at 395 K and FeRh(Pd)at 342 K
respectively in zero applied magnetic field upon warm-
ing. At these temperatures both films are in the process
of transforming from the AFM to the FM phase. MFM is
inherently sensitive to out-of-plane magnetization, hence
in the case of in-plane magnetization it is largely sensitive
to domain walls and out-of-plane stray fields. A clear dif-
ference is observed between the undoped and doped sys-
tems: the undoped FeRh film exhibits isotropic magnetic
domains11 and the Pd-doped FeRh film exhibits smaller,
slightly elongated domains. Panel (f) of figure 3 shows
the atomic force microscopy topography of the FeRh(Pd)
sample imaged at 342 K, hinting at pitting and scratches
on the surface at a sub-micron length scale that is smaller
than the magnetic domains. This feature indicates that
the surface magnetism is largely decoupled from the sur-
face topography in both films. The inset shows the fast
Fourier transform (FFT) of the MFM image at 342 K in
Figure 3(e) yielding a magnetic domain size of approxi-
mately 1.4 µm which also appears to be slightly asym-
metric, while the FFT of the undoped FeRh sample, at an
equivalent warming temperature (395 K), gives a larger
domain size of 3.8 µm and is isotropic.
III. XPEEM IMAGING
The in-plane magnetic domain structure of the Pd-
doped FeRh film was obtained using X-Ray Photoelec-
tron Emission Spectroscopy situated on the Nanoscience
Beamline I06 at the Diamond Light Source. In XPEEM
measurements the magnetic contrast is obtained through
the X-ray magnetic circular dichroism (XMCD) signal.
Magnetism and element-specific images were acquired at
the Fe LIII absorption edge by exciting spin-polarized
2p core electrons into exchange-split unoccupied states
above the Fermi level, and imaging the secondary elec-
trons (total electron yield detection) in full-field mode.
4FIG. 3. Magnetic characterization of the FeRh(Pd) epilayer: (a) Magnetization versus temperature (M(T )) measured in a
100 Oe applied field for FeRh(Pd 3%). The red stars correspond to the XPEEM measurement temperatures only. (b) Applied
field dependence of the magnetization at 300 K showing a canted hysteresis loop. Panel (c) displays M(T ) for both the FeRh(Pd)
and FeRh films in a field of 50 kOe to reduce the undoped FeRh transition into the measurable range of the SQUID. Note the
similar magnitude of the magnetization and narrowing of the FeRh hysteresis. Panels (d) and (e) show MFM images of the
FeRh (395 K) and FeRh(Pd)(342 K) films respectively at a temperature where the films are entering the phase coexistence
regime upon warming. The inset in d) and e) show the FFTs of the images used to estimate the magnetic domain sizes. The
images were measured in zero-field conditions. (f) Atomic force microscopy topographic image of the surface of the FeRh(Pd)
sample at 342 K. The diagonal grooves are scratches on the film surface.
The beamline optics allow spot sizes of 10 µm to be gen-
erated and the final spatial resolution of the microscope
is of order 100 nm. The magnitude of the dichroism ob-
served in the XPEEM43 is proportional to the cosine of
the angle between the sample magnetization M and the
direction of the photon helicity ε. Hence XPEEM is sen-
sitive to the magnitude of the vector component of the
magnetization (anti)parallel to the direction of the pho-
ton propagation and is insensitive to the orthogonal vec-
tor components. The XMCD contrast can be extracted
as a normalized difference of the observed photon helic-
ity dependent intensities (I±) defined as the spin asym-
metry SA=(I+-I−)/(I++I−). As a result, the strongest
contrast is observed when the magnetization is aligned
(anti)parallel to the photon propagation vector.
By acquiring two images rotated by 90◦ with respect
to each other it is possible to produce a vector map of
the FM structure. To maximise the XMCD contrast in
the images, the cubic [001] crystal axis of the FeRh(Pd)
phase was aligned in the direction of the photon propaga-
tion vector. Figure 4(a) shows the vector domain distri-
bution at 342 K upon warming, well inside the FM phase
with zero applied magnetic field. As can be clearly seen
the sample consists of micron-sized FM domains. Due to
the angular dependence of the XMCD, out-of-plane mag-
netization results in a reduced XMCD contrast which can
be seen in Figure 4, localised near the magnetic domain
boundaries. In-plane magnetization is anticipated in the
studied film. AFM domains do not generate any XMCD.
From the image we can extract the angular dependence
of the magnetization as shown in Figure 4(b). Recent
measurements by Mariager et al.44 do not find evidence
of a strong magnetocrystalline anisotropy in the undoped
FeRh. We also observe only weak evidence of a magne-
tocrystalline anisotropy which would reflect the fourfold
cubic symmetry of the crystal structure. The FFT of the
vector map shown in the inset of Figure 4(a) yields a do-
main size of 1.2 µm in agreement with the MFM image
in Figure 3(e).
As was noted in the MFM images, XPEEM domains
do not appear to be coupled to structural inhomogeneity
in the sample. It was also observed that the domain
structure is stable on the time scale of hours at a fixed
temperature.
Figure 5 reveals the evolution of the magnetic domain
configuration in the FeRh(Pd) sample with temperature
as imaged by XPEEM. Starting in the FM phase (Fig-
ure 5 (a)) regions of approximately micron-sized FM do-
mains are visible, with polarization that is both parallel
and anti-parallel to the cubic axis. Significant regions are
5FIG. 4. (a) The vector image of the FM domain structure at
a sample temperature of 342 K while warming, under zero ap-
plied magnetic field. The colour wheel indicates the moment
direction. The inset shows the FFT of the image used to es-
timate the magnetic domain size. The domain size was found
to be approx 1.2 µm (b) The extracted angular dependence
of the magnetization.
aligned orthogonal to this direction (zero contrast); any
AFM regions will also display zero contrast. As the sam-
ple is cooled (panels (b)→(d)) the FM domains reduce
in size with a concomitant increase in the regions of zero
contrast. At 265 K (Figure 5(d)) there remains evidence
of a weak FM component. The observation of low tem-
perature FM regions in this temperature regime is quali-
tatively consistent with Ref. 9, which proposed a surface
arrangement consisting of FM domains in an AFM ma-
trix and with the XPEEM results of Baldasseroni et al.11
for an Al-capped FeRh film sample. This result is also
corroborated by the observation by Ding et al.45 where
a small Fe L-edge XMCD signal at room temperature
was observed originating in the near surface region of a
similar FeRh film.
Warming back through the transition, it is noticeable
that the magnetic domain sizes are significantly larger
(by a factor of 2) than the size attained through cooling,
as shown in Figure 5 (e) to (h). Surprisingly, upon warm-
ing the domains are elongated along a cubic axis of the
epilayer, which are seen at 45 degrees to the horizontal
axis. This anisotropy in domain orientation is unusual
and unexpected given the fourfold nature of the crystal
symmetry.
In the transition region a reduced XMCD contrast
is also visible between the domains. These regions are
of a congruent shape but smaller size to the high con-
trast regions. In the case of a strong in-plane cubic
anisotropy we would only expect three colour levels on
the SA (spin asymmetry) images corresponding to mag-
netization M parallel (red) and antiparallel (blue) to ε
and to orthogonal components or antiferromagnetic or-
dering (green). These regions between the (anti-)aligned
domains presumably primarily contain antiferromagnetic
ordering and domain walls. Finally, after warming above
the coexistence regime we recover the fourfold-like struc-
ture (Figure 4(a)).
IV. ANALYSIS & DISCUSSION
The XPEEM images allow extraction of the tem-
perature dependence of the magnetization by summing
the XMCD contrast within an image, as shown in Fig-
ure 6(a). We label the mid-point of the AFM-FM tran-
sition for the cooling and warming cycles as Tc and Tw
respectively. These XPEEM derived results are in good
qualitative agreement with the sample-averaged magne-
tization derived from the SQUID measurements shown
in Figure 3. There are two main differences, the first
is a temperature offset of approximately 7 K between
the XPEEM and the SQUID measurements, with the
XPEEM data showing the onset of ferromagnetism before
that of the SQUID. This might be ascribed to thermome-
try differences in the two techniques, however it has been
shown that a reduced moment but persistent FM region
near the cap/film interface approximately 60A˚ thick ex-
ists as observed in Ref. 9. This region could induce the
surface region into a FM state at a lower temperature
than the bulk due to the effective exchange field. Sec-
ondly the width of the thermal hysteresis curve measured
by the XPEEM technique, around 20 K, is approximately
10 K smaller than those measured by SQUID magnetom-
etry. As the XPEEM technique samples both the surface
and near-surface ordering this region dominates the ob-
served signal as compared to the sample averaged SQUID
measurements.
A sum over the regions of zero XPEEM contrast pro-
vides an indication of the degree of AFM phase content
as well as regions of orthogonal FM. This is shown in
Figure 6(b) and we observe an inverted hysteresis loop
as expected for the increase and decrease of the AFM
phase with cooling and warming respectively.
To quantitatively analyze the phase character of the
XPEEM images we have calculated the two-dimensional
autocorrelation functions (ACFs)46 of each real space im-
age, displayed as insets in Figure 5. Autocorrelation is
a signal analysis tool useful for extracting weak signals
in rapidly varying noise, hence its use here in order to
quantify domain size and orientation in the XPEEM im-
ages. Starting at high temperature (inset Figure 5 (a))
and cooling, a cross-shaped fourfold symmetric structure
6FIG. 5. XPEEM images of the magnetic domain evolution of the Pd-doped FeRh film sample taken during progressive cooling,
(a) to (d), and warming, (e) to (h), through the FM=⇒AFM and AFM=⇒FM transitions respectively. The XPEEM images
were taken in zero applied magnetic field. The field of view is a 10 µm diameter. The arrows in panels (b) and (f) represents
the photon propagation direction. The colour bar (SA - spin asymmetry) represents the normalized XMCD signal. The insets
show 5 µm × 5 µm ACFs discussed in the text, with 1 and -1 being full correlation and full anti-correlation, respectively, and
zero no correlation.
is visible with well defined maxima corresponding to a
FM domain size of ≈ 1.2µm in both the vertical (y) and
horizontal (x) directions, indicative of a magnetic domain
pattern with that underlying symmetry. As the system
is cooled the FM domain signature disappears, and only
the central peak is visible (i.e. short range correlations
as shown in the inset Figure 5(d)) as expected given the
loss of XMCD contrast due to the appearance of the AFM
phase.
The change in the ACF signal, and hence the magnetic
domain behavior on warming the Pd doped FeRh film is
more noticeable (inset Figure 5 (e)). Starting at low tem-
perature the central ACF peak is somewhat elongated.
Upon warming into the FM phase the ACF central peak
and satellites are anisotropic reflecting the elongation of
the FM domain structure, resulting in an Ising-like ne-
matic ordering with a reduced twofold symmetry. This
effect is also visible in the real space image of the 322K
Pd doped FeRh film (c.f. Figure 5 (h)).
As a consistency check, the normalized integrated in-
tensities around concentric circles were calculated as a
function of distance from the central point in the im-
age, referred to as a radial intensity plot. Extracting the
1/e correlation length of this radial intensity, shown in
Figure 6(c), recovers the same temperature dependence
as that displayed by the magnetization of the Pd doped
FeRh film. This method removes any angular depen-
dence on the choice of cut direction, which is necessary
since analysis of the diffuse background in 2D ACF im-
ages requires further development46.
To quantify the change in symmetry of the magnetic
character of the FeRh(Pd) film in warming and cooling
through the first-order phase transition, a circular sec-
tion through the four ACF satellite peaks as a function
of polar angle θ for the 336 K and 265 K cooling images
are plotted in Figure 7 (a) and (b). The warming curves
are shown on panels (c) and (d). The radius of these
circular sections was determined from the ACF for each
temperature. The central peak of the ACF is defined
as n = 0, where n is the order of the peak as a func-
tion of increasing radius. The radius of the circular cuts
used to generate the angular dependence was chosen to
correspond to the nearest neighbor maxima in the ACF,
n = 1. In order to capture the magnitude of the different
twofold C2 and fourfold C4 symmetry terms, we empir-
ically described the circular sections with the following
expression:
I(θ) = C2 cos
2(θ + φ2) + C4 cos
2(2θ + φ4). (1)
where phase offsets between the twofold and fourfold
symmetry terms are given by φ2 and φ4, respectively.
Higher order terms in the series were neglected in the
fitting. The fits are shown as dotted lines in Figure 7.
Figure 8 shows the trend for the C2 and C4 components
for the temperatures at which XPEEM imaging was per-
formed for both cooling, Figure 8(a) and warming, figure
8(b). In the high temperature region of the cooling panel
there is an approximately equal balance of C4 and C2
7FIG. 6. a) The hysteresis loops extracted from the XPEEM
data. The normalized FM magnetization (summation of the
SA) as a function of temperature is comparable to that ob-
served by SQUID. The coloured panels represent the regions
above and below the midpoint of the transition. b) The nor-
malized AFM and orthogonal XMCD components (summa-
tion of the SA) as a function of temperature. Note the reversal
of the hysteresis loop. c) The correlation lengths (1/e) as a
function of temperature extracted from the radial intensity
plots.
FIG. 7. (a) The normalized and smoothed ACF as a function
of the polar angle θ at a radius corresponding to the average
domain size at 336 K on the cooling branch of the Pd-doped
FeRh film. The C4 symmetry is clearly visible. The dashed
curve is the best fit of Eq. 1. (b) For the lower temperature
of 265 K, the ACF is dominated by a twofold C2 symmetry.
Some remanence of the fourfold symmetry is also visible. Pan-
els c) and d) show the warming case where the phase with a
significant C2 component moves towards a mixed C2/C4 state.
symmetries. Below ≈ 290K on cooling and ≈ 315K on
warming the relative balance changes to become domi-
nated by the C2 symmetry. From both the SQUID and
XPEEM hysteresis loops these temperatures correspond
to the mid-point of the transition from AFM⇒FM (Tw)
and FM⇒AFM (Tc). No discernable trend with temper-
ature was observed in φ2 or φ4. Variations in φ away
from zero were allowed in the fitting to account for small
changes in relative alignment during the XPEEM imag-
ing.
The origin of the weak magnetic fourfold C4 symmetry
is consistent with the in-plane fourfold crystal symmetry
(see Figure 2(b)). Conversely, the mechanism leading to
the lowered-symmetry C2 term is more obscure. In doped
FeRh the disorder created by the introduction of Pd into
the lattice gives rise to broken translational symmetry,
thereby locally modifying the degeneracy of the AFM
state and the competing C4 and C2 FM ground states.
Not only does quenched disorder exist in FeRh(Pd) but
a significant elastic strain is present that is generated
between the AFM and FM domains arising from the dis-
parity in the AFM/FM unit cell volumes. Clearly, a large
elastic strain exists in the undoped material but this does
not appear to generate a change in magnetic domain sym-
metry. Indeed a recent systematic capping layer study12
appears to downplay the importance of strain in driving
the transition. This suggests that the disorder is a signif-
icant driver for the observed change in magnetic symme-
8FIG. 8. Temperature dependence of the C4 and C2 compo-
nents obtained from fits to the circular sections of the ACFs
for the (a) cooling and (b) warming cycles.
try. For higher Pd doping (x ≈ 0.1) it is known that
the FeRh(Pd) system adopts a martensite, body cen-
tered tetragonal L10 type order. Such systems exhibit
complex shape memory behavior47 whilst maintaining
the AFM-FM transition. We have no evidence of such
higher doping levels in our sample (XRD, EDX). How-
ever, it is conceivable that with the introduction of dis-
order and a surface (providing additional freedom for the
relief of strain) that a similar change in symmetry could
be possible at lower doping concentrations. Ref. 47 shows
that for (x ≈ 0.1) Pd doped FeRh has two different hys-
teresis curve widths depending on details of the sample’s
thermal history. A C2 symmetry surface relief (stripes)
phase was also observed in this work upon cooling, and
is characteristic of a martensitic phase. Small regions of
the stripe phase persisted up to high temperature. This
would seem a reasonable driving mechanism for the C2
symmetry component we observe in the XPEEM and its
behavior with temperature.
Further insight can be gained by making an analogy
to the complex oxides. Calculations by Ahn et al.48 on
manganite perovskites have shown that long and short
range anisotropic elastic distortions can give rise to self-
organized stripy, C2-type symmetry on the micron-scale
and a change in the density of states resulting in either
metallic or insulating behavior. Both localised (chemi-
cal doping) and long length scale (expanded/unexpanded
lattice regions associated with FM/AFM domains) strain
fields are present in Pd-doped FeRh.
The proximity of FM and AFM regions in the Pd
doped FeRh films also suggests that an exchange bias
may be present which would also serve to lower the rota-
tional symmetry and the domain propagation process49.
Interestingly, Su et al.50 have recently reported on the
emergence of rotational symmetry from disordered ex-
change biased systems reinforcing the role of exchange
bias in the breaking of the rotational symmetry in the
present system. In FeRh(Pd) little evidence of exchange
bias is seen in the magnetometry. It is possible that
any net exchange bias signal from the FM/AFM domain
states would be very small and difficult to detect with
conventional magnetometry. Hence the role of exchange
bias in FeRh and FeRh doped films would seem to be a
further avenue of inquiry using other techniques that are
sensitive to microscale magnetism.
A final observation to be made is that for low temper-
atures (lower than the mid-point of the two transition
temperatures T ≤ Tc, Tw) we recall that a remanent sur-
face FM phase exists in capped epitaxial films. This,
coupled with the near-surface sensitivity of the XPEEM
technique suggests that the near-surface FM component
has a reduced symmetry. The SQUID data in figure 3
when compared to the equivalent XPEEM data in figure
6 implies that the majority of the film is behaving differ-
ently. Hence we postulate that the relative influence of
the C2 phase diminishes as the temperature is increased
and the bulk of the film transforms into the FM phase.
This results in the domain structure reflecting the (weak)
bulk-like C4 symmetry.
V. SUMMARY
To summarize, in a (3 at.%)Pd doped FeRh thin film
we have observed the coexistence of both antiferromag-
netic and ferromagnetic order while warming and cooling
through the magnetic transition. Quantitative analysis
of the in-plane domain structure suggests a temperature-
dependent change in symmetry: the expected C4 sym-
metry lowers to C2 in the phase coexistence region and
dominates to lower temperature. This behavior contrasts
to that found in the un-doped material. The origins
of the different symmetries appears to be linked to the
competing disorder present in the system resulting in a
martensitic like near-surface phase coupled to the more
bulk-like ordering within the majority of the epilayer.
It is conjectured that this is analogous to the strongly
correlated oxide systems, where even small amounts of
9doping can dramatically change the nature of the phase
coexistence. The interaction of structural, electronic de-
grees of freedom and disorder results in a system that can
be tuned to operate at room temperature with a stable,
and controllable electronic/magnetic domains structure.
The complexity of FeRh combined with chemical doping
lead to interesting functional behavior with technological
applications.
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